Many of the potential applications for metal-organic framework (MOF) materials require molecular level understanding of their adsorption of small organic molecules, which are not readily accessible from experiment. Through high-level van der Waals corrected, hybrid density functional theory calculations, we elucidate the adsorption configurations of several, representative small organic guest molecules in an archetypal flexible MOF material, MIL-53-Fe. The predicted relative energies between low-energy adsorption configurations of 1,4-benzoquinone in MIL-53-Fe are in very good agreement with the thermal transition temperatures observed experimentally and suggest thermodynamic factors govern the precise arrangements and loading of guests in the MOF host. Experimentally observed conformational disorder of small organic molecules in MIL-53-Fe is explained by predicted multiple low-energy adsorption configurations that are comparable with the thermal energy of the guests, kT. Finally, we show that the previously observed selective adsorption of pyridine and 2,6-lutidine molecules over water by MIL-53-Fe, can be rationalised through a careful analysis of the hostguest and guest-guest interactions and is controlled by thermodynamic factors.
Introduction
Metal-organic framework (MOF) materials have been studied extensively for a range of potential applications, including molecular sieving, 1 gas storage, 2-4 gas sensors, 5 drug delivery, 6 lithium-ion battery electrodes 7 and heterogeneous catalysis. 8 While significant progress has been made in the rational design of new MOF materials with various topologies and chemical compositions in recent years, [9] [10] generally, there is still a lack of molecular level information on the mechanisms of adsorption and sieving. Experimentally, highresolution powder X-ray diffraction (XRD), 11 neutron powder diffraction 12 and X-ray absorption fine structure spectroscopy 13 offer the potential to resolve the position of the guest in the host and the nature of their chemical interactions. However, due to the softness of some MOF materials, it is rather difficult to fully resolve the adsorption pattern of organic molecules inside a MOF. The situation becomes even more complicated when a MOF material swells or contracts under the influence of different guest molecules inside the pore, 11, [14] [15] i.e. the so-called breathing effect. The archetypal example of such a MOF material is MIL-53, 16 of the general formula [M(OH)(BDC)], where M = Al, Ga, In, Sc, V(III), Cr(III) or Fe(III), and BDC 2-= 1,4-benzenedicarboxylate. In a recent study, MIL-53-Fe was loaded with different organic guest molecules by Millange et al. 11 and a change in the cell volume was found that was only weakly correlated with the size of the guest, implying that the cell volumes are determined by specific, anisotropic host-guest interactions and guest-guest interactions, rather than a simple isotropic, radially dependent interaction. In another work by the same authors, it was found that while hydrated MIL-53-Fe adsorbed both pyridine and 2,6-lutidine (2,6-dimethylpyridine) initially, it selectively adsorbed 2,6-lutidine over pyridine with time. 17 This example illustrates the importance of gaining a molecular level understanding of the interactions between a MOF material and adsorbed organic molecules. In this work, by using state-of-the-art density functional theory (DFT) methods, we study the adsorption of a sub-set of the organic molecules studied by Millange et al., 11 including quinone (1,4-benzoquinone), pyridine, and 2,6-lutidine (shown in Figure 1 ), in the MIL-53-Fe structure (depicted in Figure 2 ). By comparing simulation with experiment, we identify the detailed nature of the interactions between these small organic molecules and MIL-53-Fe, provide explanations for the observed guest configurations and rationalize why the guest configurations change in response to temperature. organic linker (highlighted in green circle, hydrogen atoms belong to BDC 2-are omitted for clarity), and (c) inorganic chain showing FeO4(OH)2 octahedra. Red: oxygen; grey: carbon; mauve: iron; white: hydrogen.
The adsorption of small organic molecules by MOF materials is dominated by two types of interactions: host-guest and guest-guest interactions. 18 With respect to the adsorption of quinone, pyridine, and 2,6-lutidine in MIL-53-Fe, BDC 2-is the organic linker and OH -is the inorganic linker (Figure 2 ), and it is these two functional groups which modulate the host-guest interactions. We note that ~20% of OH -inorganic linkers in the experimental sample of MIL-53-Fe were occupied by isovalent F -ions. 17 As a first order approximation, all models of MIL-53-Fe contain only OH -inorganic linkers; we assume that because the F -ions are likely to be disordered and are minority species, the influence of guest-hydroxide interactions is likely to control the observed response of the lattice. Hence possible host-guest interactions include: (1) -, (2) CH-, and (3) hydrogen bonds. Guest-guest interactions are dominated by - stacking, and hydrogen bonds may also play some role, depending on the particular orientations of guests inside the pore. A more detailed summary of the possible host-guest and guest-guest interactions between MIL-53-Fe and the three different organic molecules are shown in Table 1 . It should be noted that the strengths of these interactions are different, and generally speaking, the strengths follow the order of hydrogen bonds > - >≈ CH-, and for hydrogen bonds, N•••HO bonds are usually stronger than O•••HO. The final adsorption configuration of the guest molecules inside the pore of the host is determined by a subtle balance of these different interactions (host-guest, guest-guest and hydrogen bonds, -, CH-), including guest-guest repulsion as well as attraction but here we focus on stabilising interactions.
Guest
Host-Guest Guest-Guest quinone Simulations of the adsorption of sorbates in MOF materials often consider an idealised system at 0 K, neglecting thermal effects and with a fixed loading in the MOF. Frequently in experiments, it can be difficult to eliminate all solvent and so multiple guests may be present within the MOF. Solvent molecules themselves can act a guests, reducing the intended guest loading from its hypothetical limit at any given state point. 19 These factors affect the configurations of small organic molecules adopted in the host, and consequently the predicted ground state adsorption configuration can deviate from what is actually observed in the experiment. In the case of single component adsorption quinone and pyridine in MIL-53-Fe, for example, for quinone, two ordered phases were identified at two different temperatures, 20 and for pyridine, one ordered phase was identified at room temperature, and there was evidence of another phase between 363~423 K which could not be indexed due to poor crystallinity. 17 To account for these metastable adsorption phases, which cannot be easily identified in experiments but are still important in relation to the applications being considered for MOF materials, in addition to the ground state adsorption configuration which has already been solved by experiment for each adsorbate molecule, we also consider several other possible adsorption configurations.
As already stated, solvent molecules can affect the uptake and adsorption positions of guest molecules in MOFs. This is observed for the adsorption of 2,6-lutidine in MIL-53-Fe. 17 Unlike the case of pyridine, where pyridine molecules displace occluded water molecules in MIL-53-Fe, 17 upon exposure of MIL-53-Fe[H2O] to 2,6-lutidine, the water molecules remain in the channel and act as a bridge between MIL-53-Fe and 2,6-lutidine. 17 Millange et al. concluded this was due to the presence of methyl groups in 2,6-lutidine (see Figure  1 ) which prevents direct hydrogen bonding between MIL-53-Fe and 2,6-lutidine. 17 It remains unclear why the same situation did not occur in the adsorption of pyridine molecules in MIL-53-Fe. In this study, we seek to explain this observation by performing high-level atomistic, density functional theory simulations. These simulations will help us to better understand the competition between guest-guest interactions and host-guest interactions in MOFs, as well as the role of temperature and solvent molecules in the modulation of these interactions.
Simulations offer an additional means of investigating structures and examining the balance between electrostatic and van der Waals forces that determine the position and strength of guest adsorption in MOFs. Indeed, with recent developments in van der Waals (vdW) corrected DFT methods, 21 good agreement between theory and experiment can often be obtained for MOFs of varied density, [22] [23] [24] which demonstrates the efficiency and reliability of vdW corrected DFT methods for describing both structural and energetic properties of MOFs. For example, Düren and co-workers have shown that ab initio molecular dynamics simulations based on vdW corrected DFT method can be used to elucidate the breathing behaviour of MIL-53-Sc upon temperature variation and CO2 loading. 25 This prompts us to employ vdW corrected DFT methods, rather than empirical force fields which were frequently used in previous studies of MOFs, [25] [26] [27] [28] to study the interactions between small organic molecules and MIL-53-Fe.
Methods
All calculations were performed using the CP2K code which uses a mixed Gaussian/plane-wave basis set. [29] [30] In the current study, we have employed triple-ζ polarization quality (TZVP) Gaussian basis sets and a 800 Ry plane-wave cutoff for the auxiliary grid, in conjunction with the Goedecker−Teter−Hutter pseudopotentials. [31] [32] A TZVP basis set is particularly important to minimize the basis set superposition error (BSSE) and to correctly describe some of the non-bonding interactions between host and guest and between different guest molecules, in terms of both binding distances and binding energies. Both of the latter effects are important to produce a good description to the lattice parameters of MIL-53 type materials in the presence or absence of guest molecules. 24 The counterpoise method 33 was used to correct for BSSEs in all binding energy calculations. The hybrid density functional theory (DFT) method, HSE06, 34 with 25% short-range Hartree-Fock exchange (HFX), together with Grimme's D3 van der Waals correction, 35 including the Axilrod−Teller−Muto three-body terms, 36 was used for all total energy calculations and structural optimizations, including lattice parameters and atomic positions. The HFX calculations, which are part of HSE06, were performed using the auxiliary density matrix method (ADMM). 37 The ADMM approach projects the expensive HFX calculations with the density matrix from a large primary basis set onto a much smaller and rapidly decaying auxiliary density matrix from a smaller auxiliary basis set, which significantly accelerates the HFX calculations and reduces the computational cost. It enables us to consider relatively large systems (with the largest system containing 576 atoms) at hybrid DFT level at a relatively modest computational cost. The hybrid DFT approach is necessary here to provide a reasonable description of the electronic structures, band gaps and the magnetic interactions of high-spin Fe 3+ cations, which contain unpaired electrons (3d 5 , i.e. t2g 3 eg 2 ). Spin polarised calculations were performed for all calculations involving Fe 3+ cations, and an antiferromagnetic ordering of spins, which was found to be the ground state of a similar system (i.e. MIL-47-V 38 ), was considered for Fe 3+ . This recipe has been used successfully to predict the band gaps and electronic properties of hematite (i.e. Fe2O3) 39 and also in MOFs. [40] [41] We find that the D3 scheme in conjunction with the HSE06 functional yield accurate lattice parameters and density of the narrow pore form of MIL-53-Al, in particular, which are stabilised by dispersion. [22] [23] The structural optimizations were considered converged if the maximum force on all atoms falls below 2.234 kJ mol −1 Å −1 (4.5 × 10 −4 Hartree Bohr −1 ). Calculations of MIL-53-Fe with different guest molecules were performed with a 1 × 2 × 1 or 1 × 2 × 2 expansion of the unit cell for guest molecules that have the same or different configurations in different channels. The initial structures that were optimized were taken from the observed crystal structures for different guest molecules in MIL-53-Fe. 11, 17, 20 All calculations were performed at 0 K, i.e. excluding any zero-point or thermal corrections to the energetics and structures.
Results

Adsorption of quinone
We first consider adsorption of quinone molecules in MIL-53-Fe. Combarieu et al. showed that experimentally, that MIL-53-Fe, when fully loaded with one quinone molecule per Fe center, adopt a parallel arrangement (see Figure 3a) at room temperature and transform to a "flip-flop" arrangement (see Figure 3b ) upon heating to 140 °C. 20 We have modelled these two configurations and calculated their relative stabilities and unit cell volumes, which are listed in Table 2 . The main difference between configurations 1 and 2 is that in configuration 2, quinone molecules in half of the channels become orthogonal to quinone molecules in the other half of the channels, i.e. these quinone molecules are roughly parallel to the organic linkers of MIL-53-Fe along lattice vector b' (note that the axes a'/b'/c', see inset of Figure 3 , denote a rotated axes system with respect to the original cell axes, a rotation anticlockwise by ~45° around lattice parameter c), while all quinone molecules in configuration 1 are roughly parallel to the organic linker of MIL-53-Fe along lattice vector a', see Figure 3b . Indeed, we find that configuration 1 is electronically more stable than configuration 2 by 2.18 kJ mol -1 per quinone molecule. This is further evidenced by the relative stability of configuration 3 (see Figure  3c ), in which all quinone molecules are parallel to the organic linker of MIL-53-Fe along lattice vector b', and we find that configuration 3 is less stable than configuration 1 by 3.43 kJ mol -1 per quinone molecule. Another minor difference between configurations 1 and 2 is that while the O•••O axis of quinone molecules in configuration 1 are almost orthogonal to each other in the same channel, quinone molecules in the same channel in configuration 2 have the same orientations. Therefore, we consider a fourth adsorption configuration, configuration 4, see Figure 3d , and the difference between configurations 1 and 4, i.e. different molecular orientations in the channel, is highlighted by red arrows. We find that the relative stabilities of configurations 1 and 4 are almost identical, with configuration 4 being less stable than configuration 1 by only 0.07 kJ mol -1 per quinone molecule. At 300 K, kT is of the order of 2.5 kJ mol -1 , and hence we expect that the quinone guests have sufficient thermal energy to transform between configurations 1 and 4. Pleasingly, both configurations 1 and 4 are seen in the experiment, evidenced from XRD. 20 At 413 K, kT is of the order of 3.4 kJ mol -1 , which exceeds the 2.2 kJ mol -1 energy difference between configurations 1 and 2 and hence this explains the transition to configuration 2, as seen experimentally. In addition to these four adsorption configurations, in which quinone molecules in the channel are parallel to the organic linker of MIL-53-Fe, either along lattice vector a' or along lattice vector b', we consider a fifth adsorption configuration (configuration 5, see Figure 3e ), in which none of the quinone molecules in the channel is parallel to the organic linker of MIL-53-Fe. Instead, the quinone molecules are orthogonal to lattice vector c', and they are arranged in a way to maximize the O(G)•••HO(H) hydrogen bonding between quinone molecules and MIL-53-Fe. We find that configuration 5 is very unstable, being less stable than configuration 1 by 17.2 kJ mol -1 per quinone molecule. This demonstrates that the (G)-(H) interaction is more favourable than hydrogen bonding between quinone molecules and MIL-53-Fe, and thermal transition to configuration 5 is unlikely to occur due to the ~15.0 kJ mol -1 penalty of transforming from configuration 2.
We note that the predicted volumes, which neglect thermal artefacts, are actually in good accord with experiment. Given that experiment sees both configuration 1 and 4 at room temperature, a fairer comparison of the predicted volume is a combination of the densities predicted for 1 and 4, giving an average room temperature volume of 1468 Å 3, which is slightly larger (i.e. less dense) than what is observed by experiment 1455. 3 Å 3 . The other experimental data point for volume is for configuration 2, which is slightly underestimated by ~11 Å 3 by theory. However, the overall error in volume is less than 1%, lending further credence to the energies reported.
Adsorption of pyridine
Next, we consider adsorption of pyridine molecules in MIL-53-Fe. We start from the adsorption configuration (configuration 1) which was observed by experiment, 11, 17 see Figure 4a , in which pairs of pyridine molecules are arranged head to tail to maximize the N(G)•••HO(H) hydrogen bonding between pyridine molecules and MIL-53-Fe. The distance between nitrogen donor of pyridine and oxygen in the hydroxide of MIL-53-Fe in the fully relaxed structure is 2.67 Å, and the distance between neighbouring pyridine molecules is 3.46 Å. Both structural parameters are in excellent agreement with experiment, which are 2.68 and 3.47 Å, respectively. 17 While the N(G)•••HO(H) hydrogen bonding only involves nitrogen atoms of pyridine molecules, it would be interesting to see whether the internal rotations of pyridine molecules along the head-to-tail direction (i.e. lattice vector b in Figure 2a ) affect the relative stability. So we constructed an additional configuration, 2, see Figure 4c , in which the pyridine molecules are rotated by approximately 40° along the head-to-tail direction, compared with configuration 1 after full cell optimization. It turns out that configuration 2 is less stable than configuration 1 by only 2.21 kJ mol -1 per pyridine molecule, and the unit cell volumes are very similar as can be seen in Table 3 . The N(G)•••O(H) distance and the distance between neighbouring pyridine molecules in configuration 2 are 2.68 and 3.45 Å, respectively, both of which are similar to those of configuration 1 and observed experimental values.
The relative stabilities of configurations 1 and 2 are quite similar for quinone and pyridine molecules in MIL-53-Fe, and a thermal transition is seen for quinone-loaded MIL-53-Fe at 140 °C. Hence, it is reasonable to speculate that thermal transition to configuration 2 might occur at similar temperature for pyridine, although this might be more difficult to solve in experiment due to the high structural similarity of the two configurations. Additional rotamers were considered but these converged to configurations 1 or 2, suggesting 2 is a minimum energy structure and not a transition state. Nevertheless, we cannot exclude the existence of other possible configurations with similar relative stabilities. We note that for pyridine, our theory appears to slightly overbind the guests, as evidenced by a slightly higher density. The relatively low energy of configuration 2 suggests that configuration 1 may be a structurally averaged picture, with the pyridine rattling in about their positions between configurations 1 and 2. We presume that such rattling would lead to expansion of the crystal giving rise to an even closer agreement with the room temperature volume deduced from experiment. 
Adsorption of 2,6-lutidine
Finally, we look at adsorption of 2,6-lutidine in MIL-53-Fe. The presence of methyl groups in 2,6-lutidine, prevents direct hydrogen bonding between nitrogen of 2,6-lutidine and the hydroxide of MIL-53-Fe because of unfavourable steric interactions between methyl groups of 2,6-lutidine and organic linkers of MIL-53-Fe. It was therefore concluded that 2,6-lutidine molecules must co-adsorb with water molecules in the initial stage when 2,6-lutidine is introduced into hydrated MIL-53-Fe. 17 The water molecules bridge 2,6-lutidine with MIL-53-Fe through two hydrogen bonds, one between the hydroxide of MIL-53-Fe and water, and another between water and the nitrogen atom of 2,6-lutidine. To get a qualitative picture about the competition of these different interactions, we constructed a configuration (1) of 2,6-lutidine in MIL-53-Fe without the presence of water, by replacing two of the hydrogens in the most stable configuration of pyridine in MIL-53-Fe with methyl groups, see Figure 5a . After full cell optimization, the unit cell volume of configuration 1 turns out to be 1458.9 Å 3 , somewhat smaller than the observed volume of 1593.2 Å 3 in experiment, 17 which tends to suggest that this is not the phase observed in experiment. The distance between nitrogen of 2,6-lutidine and oxygen in the hydroxide of MIL-53-Fe is 2.99 Å, longer than that in pyridine by about 0.3 Å, which significantly weakens the N(G)•••HO(H) hydrogen bonding interaction. On the other hand, the distance between neighbouring 2,6-lutidine molecules is 3.52 Å, which is similar to that of pyridine. We previously found two configurations for pyridine in MIL-53-Fe which are related by a simple rotation of pyridine molecules with relatively small energy cost. Adopting the same strategy for 2,6-lutidine, 2,6-lutidine molecules are rotated along the head-totail direction by about 30°, and we obtain another local minimum, configuration 2, which is shown in Figure  5c Figures 6b and 6c respectively. The primary difference between configurations 1 and 2 is that, in configuration 1 (Figure 6b ), the two 2,6-lutidine molecules are arranged headto-tail, and nitrogen atoms of the two guest molecules form hydrogen bonds with OH -groups belong to two different inorganic chains, while in configuration 2 (Figure 6c ), the two 2,6-lutidine molecules point towards the same direction, and nitrogen atoms of the two guest molecules form hydrogen bonds with OH -groups in the same inorganic chain. The relative stabilities and unit cell volumes of the two configurations are shown in Table 4 . Configuration 1 is more stable than configuration 2 by about 2.62 kJ mol -1 per 2,6-lutidine molecule, and the unit cell volumes are quite similar and close to the experiment value. Interestingly, the atomic positions of 2,6-lutidine molecules in MIL-53-Fe[2,6-lutidine0.5] as determined by experiment are fully disordered, which may be explained by the fact that configurations 1 and 2 are dynamically interchangeable in the channel due to the small energy difference between these configurations. 
Discussions
From the observations and inferences above, it is shown that due to the presence of multiple types of host-guest and guest-guest interactions which have comparable strengths (including -, CH- and hydrogen bonds), the competition between these different interactions changes with temperature and the result is that MIL-53-Fe can support multiple different configurations of a particular guest. In some instances, a transition between configurations is calculated to incur a very modest energy penalty, and for quinone, these small energy differences are manifested by evidence of orientational disorder, suggesting dynamic switching between configurations. The MIL-53 material has an innate flexibility which probably helps to lower the transition barrier between different possible configurations of guests even at room temperature. We suspect this could be one of the reasons why unique geometries have not been identified for several of the organic molecules which have been adsorbed in MIL-53-Fe, such as para-xylene. 11 We also note that in our simulation, we consider cases in which MIL-53-Fe is fully loaded with guest molecules, i.e. one guest molecule per Fe center for computational expediency. In various experiments of adsorption in MIL-53-Fe, the loading of guests inside the pore is usually less than 1 per Fe, e.g. it has been shown that the maximum loading of pyridine in MIL-53-Fe is 0.85 pyridine molecule per Fe. 19 Because the channels are not fully occupied by pyridine molecules, neighbouring pyridine molecules in the vicinity of these "vacancies" have higher configurational entropy since they are less sterically constrained by neighbours. This provides another source of disordering, which makes the adsorption geometry more difficult to resolve.
To understand the difference between adsorption of pyridine and 2,6-lutidine in MIL-53-Fe, we calculated the binding energies between the host and guest molecules, at the most stable configurations, either resolved by experiments or identified by our simulations. As mentioned earlier, pyridine molecules displace water molecules in MIL-53-Fe[H2O], while 2,6-lutidine molecules do not displace water molecules in MIL-53-Fe[H2O]. Instead, the water molecules remain in place and bridge 2,6-lutidine molecules with MIL-53-Fe. To examine this, we constructed configurations of pyridine and 2,6-lutidine adsorbed in MIL-53-Fe with water molecules, based on the experimentally deduced structure of MIL-53-Fe[2,6-lutidine + H2O]. 17 We note here, for MIL-53-Fe[pyridine + H2O] and MIL-53-Fe[2,6-lutidine + H2O], the fully occupied host actually has two guest molecules per Fe center, i.e. one water plus one 2,6-lutidine or one pyridine. The calculated binding energies and unit cell volumes are summarized in Table 5 
Conclusions
In summary, we have studied the adsorptions of 1,4-benzoquinone, pyridine and 2,6-lutidine molecules, and the co-adsorptions of water and pyridine or 2,6-lutidine molecules, in MIL-53-Fe. We find that due to the competitions of various host-guest and guest-guest interactions which have similar strengths, it is likely that these guests can easily overcome modest thermal barriers to visit several different configurations at room temperature over a rapid timescale, which is manifested as conformational disorder when the structures are studied using diffraction methods. We expect similar behaviours for other organic molecules in MIL-53-Fe. Our study provides an explanation for the discrepancy between the adsorption behaviours of two organic molecules that are structurally similar, pyridine and 2,6-lutidine in MIL-53-Fe. The selective adsorption of pyridine and 2,6-lutidine in MIL-53-Fe and MIL-53-Fe[H2O] results from a subtle balance of different types of host-guest and guest-guest interactions, which can be modulated by the presence of water molecules as well as functionalization of the guest molecules. We note the energy differences between the multiple adsorption configurations considered for different guest molecules in MIL-53-Fe are small enough that the population of a particular guest adsorption configuration will likely be influenced by entropic in addition to enthalpic contributions at a given temperature and pressure. We conclude that in addition to molecular size, 11, 18 the detailed host-guest and guest-guest interactions are required to understand observed separation behaviours and that simulation approaches can discern the delicate balance of forces and offers an additional means of designing and screening materials for potential applications using MOFs.
